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Arrays of 6.6 nm iron oxide nanocrystals coated with fatty acid molecules were produced using the
Langmuir-Blodgett technique. The arrays had a varying number of layers stacked together, going
from two dimensional to three dimensional and two different in-plane interparticle separations.
While temperature-dependent ac susceptibility measurements of the isolated nanocrystals obeyed
the Néel-Brown relaxation law, the array relaxation deviated significantly from this simple law. This
deviation together with the observed dc field influence on the susceptibility-temperature curves, the
large shifts in blocking temperatures and reduction in susceptibility-temperature curve widths on
going from isolated particles to the arrays indicated collective magnetization dynamics during
magnetization freezing. A scaling law analysis of this freezing dynamics yielded different powers
for the two different interparticle separations with no dependence on dimensionality. In spite of the
spin-glass-like behavior, it is possible that small, magnetically ordered domains of nanocrystals

form at low temperature. © 2005 American Institute of Physics. [DOL: 10.1063/1.2126663]

I. INTRODUCTION

Systems of interacting single-domain magnetic nanopar-
ticles have been at the focus of many studies in the past
decades.'™ These systems are interesting for their fundamen-
tal physical properties, which are linked to their application
in magnetic data storage, magnetic-resonance imaging, and
ferrofluids.

Until recent years, extensive work has been carried out
on magnetic nanoparticles dispersed in solid matrices® or on
frozen ferrofluids’ where nanoparticle concentrations were
varied as a mean to tune average interparticle separation and
thus change the strength of interactions. These studies re-
sulted in a variety of models and even contradictory conclu-
sions, probably due to the large diversity of nanoparticle
compositions, sizes, size distributions, and aggregation states
between different samples.

More recently, with advances in colloidal chemistry5 and
vapor deposition techniques6 magnetic nanoparticles could
be arranged in arrays with a better-defined particle size and
interparticle separation. Thus, with ordered magnetic nano-
crystal arrays it should be possible to study in a rigorous way
the influence of the dimensionality of the system and the
strength of interactions between the magnetic nanocrystals
on the measured magnetic properties.

The more interesting part of such studies is that of
strongly interacting magnetic nanocrystals, where the inter-
particle dipolar interaction energy exceeds the individual par-
ticles’ magnetic anisotropy energy. Then the interaction en-
ergy cannot be simply treated as a small correction to the
effective potential barrier influencing the individual particle
magnetization.7 In order to prepare such a system, the uni-
form magnetic nanocrystals must be brought to close prox-
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imity. This can be done using organically capped colloidal
magnetic nanocrystads,8 while with vapor deposition tech-
niques it is far more difficult to obtain close packing while
maintaining nanoparticle uniformity and only relatively large
separations can be achieved.’

One of the key questions regarding the dynamics of
magnetization switching in interacting magnetic nanoparticle
systems is that of collective switching of ensembles of mag-
netic particles versus the static picture of individual nanopar-
ticle response. In the limit of weak interactions and large
single-particle magnetic anisotropy, the magnetization dy-
namics in the system can be described by switching of indi-
vidual particles in a local field created by the neighbor par-
ticles that switch at different rates.’ However, it is clear that
in the limit of strong dipolar interactions relative to the mag-
netic anisotropy barriers, in the case of a relatively uniform
array, the dynamics cannot be described by such a static
picture and collective magnetization dynamics must occur.
The collective dynamics domain size (correlation length) is
determined by the temperature, average value of dipolar en-
ergy, and uniformity in particle size and interparticle separa-
tion distances in the nanoparticle arrays. In addition, the
characteristics of glassy magnetization dynamics, including
phenomena such as aging and memory effects, have been
observed in systems of interacting magnetic nanoparticles at
low enough temperatures and discussed in the context of spin
glasses.l’l(H3

Whether interparticle magnetic dipole-dipole interac-
tions would lead to magnetic ordering or a spin-glass-like
phase at low but finite temperature depends on the dimen-
sionality and order in magnetic nanocrystal arrays. Magnetic
disorder could be the result of a random distribution of an-
isotropy axes in cases of large magnetic anisotropy relative
to the dipolar interaction energy. In the reverse case of strong
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dipolar interactions in hexagonal arrays magnetic disorder
could be the result of frustration between magnetic moments
due to particle size distribution and positional disorder.

In this work we present the results of magnetic measure-
ments performed on relatively uniform iron oxide nanocrys-
tal arrays with varying dimensionality, from two dimensional
(2D) to three dimensional (3D) and varying interparticle
separations, and compare those to measurements of noninter-
acting nanoparticles. The Langmuir-Blodgett (LB) technique
was used to produce macroscopically uniform nanocrystal
monolayers, which were crucial for this study. The magnetic
measurement results show that in these arrays the interpar-
ticle interactions cannot be considered merely a perturbation
to the anisotropy energy barriers. Rather, the nanocrystals are
in the strong interactions regime, with the interaction energy
being three to five times stronger than the single-particle
anisotropy energy. In these arrays collective dynamics occur,
accompanied by a spin-glass-like behavior at low tempera-
tures.

Furthermore, the compatibility of the susceptibility data
with the expressions used to describe spin-glass behavior, the
Vogel-Fulcher law and a power law, was tested.

Il. EXPERIMENTAL SECTION
A. Nanocrystals’ preparation and characterization

The oleic-acid-capped iron oxide nanoparticles were
synthesized according to Sun et al. 1 Although originally de-
scribed as magnetite nanocrystals by Sun et al., their com-
positions probably had the general formula Fe3_504.15’16
Transmission electron microscope (TEM) images of the
nanocrystals were analyzed and the average diameter of the
nanocrystals estimated as 6.6+2.0 nm. A dilute sample of
isolated particles in octadecane with excess oleic acid [non-
interacting particles (NIP)] was prepared. The nanocrystal
concentration was estimated to be ~10'? particles/cm’ by
sampling a small volume of diluted solution on a TEM grid
and roughly counting the nanocrystal density on the TEM
grid. Zero-field-cooled magnetization versus temperature of
this sample was measured at H=10 Oe.

B. Array preparation and characterization

The LB technique was used for nanocrystal array
preparation.17 Two types of arrays were prepared, each with
a different average interparticle distance. Both arrays were
prepared from a colloidal solution of the iron oxide nanopar-
ticles coated with oleic acid (C;3H350,) and containing some
unbound fatty acid between the nanocrystals. The water pH
in the LB through was kept neutral for the first type of ar-
rays. In the second array type the pH of the water in the LB
trough was set to 10 by an addition of NaOH solution in
order to dissolve more of the fatty acid into the subphase and
reduce the separation between the nanoparticles. TEM im-
ages [Figs. 1(a) and 1(b)] revealed that the arrays prepared
from the colloidal solution on a neutral subphase exhibited
an average distance between particle centers of 8.4+ 1.1 nm,
whereas the layers prepared at subphase pH=10 exhibited an
average distance between particle centers of 7.6+1.3 nm.
For simplicity, the samples will be denoted MICS84 and
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FIG. 1. (a) TEM image of 1 ML MICS84. (b) TEM image of 1 ML
MICS76. These images are typical of the samples and extended uniformly
over the whole TEM grid. (c) Typical AFM topography image of 1 ML
MICS84 deposited on the plastic substrate. The roughness over more than
90% of the area is 5—10 nm.
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MICS76 (mean intralayer center-to-center separation 84 and
76 A, respectively). To obtain arrays of increasing dimension
monolayers and multilayers consisting of a number of
stacked monolayers of both the MICS84 and the MICS76
samples were prepared. A single monolayer (1 ML), three
stacked monolayers (3 ML), five stacked monolayers (5
ML), and ten stacked monolayers (10 ML) of each sample
were transferred onto polymer substrates. A 15 ML sample of
the MICS74 system was also prepared. The 4 X 4 mm? sub-
strates were cut from a diamagnetic thin polycarbonate sheet.

An atomic force microscope was used to estimate the
uniformity of the samples and to ensure satisfactory cover-
age of the substrates by the arrays. Figure 1(c) is a typical
atomic force microscope (AFM) topography image of a 1
ML MICS84 sample deposited on the polycarbonate sheet.
Over > 90% of the area the roughness was 5—10 nm, cor-
responding to a monolayer, while the rest has higher features
consisting of some particles positioned on top of the mono-
layer as well as excess oleic acid molecules [in the visible
line on Fig. 1(c), for example] repelled to the second layer by
the high compression of the monolayer (~30 mN/m). It
should be emphasized that over all the 16 mm? area of the
substrate similar topography was observed. For the
multilayer samples larger inhomogeneities were observed.
For example, in the 3 ML samples, about 80% of the area
had the correct height while the rest was mostly 2 ML and a
little 4 ML. Thus, the LB technique was able to achieve far
better macroscopic sample uniformity and layer thickness
control over techniques such as spin coating and nanocrystal
self-assembly, which are typically able to produce uniform
arrays on the micrometer scale only.

A solution of concentrated particles with excess fatty
acid was dried on a substrate (“drop cast”) as an alternative
to the 3D MICS84 sample.

C. Magnetic measurements

All magnetic measurements were performed using a
Quantum Design MPMS XL-5 superconducting quantum in-
terference device (SQUID) magnetometer with field applied
in the plane of the films. Zero-field-cooled (ZFC) measure-
ments at H=10 Oe of the MICS84 and MICS76 samples, of
the NIP sample, and of the drop cast sample were carried out
to record the blocking temperature as a function of the inter-
particle distance and the number of layers. A magnetization
curve at 7=3 K was measured on the NIP sample, ac sus-
ceptibility as a function of temperature was measured at a
frequency range of 0.1-100 Hz and amplitude of 4 Oe on 1,
3, and 10 ML MICS84 samples; 1 and 10 ML MICS76
samples; and on the NIP sample. ac susceptibility with su-
perimposed dc fields of 10, 100, and 1000 Oe as a function
of temperature was recorded at 1 Hz on 1, 3, and 10 ML
MICS84 samples; 1 and 10 ML MICS76 samples; and on the
NIP sample.

lll. RESULTS AND DISCUSSION

ZFC magnetization and ac susceptibility versus tempera-
ture measurements on the NIP sample revealed that the par-
ticles obeyed the Néel-Brown law (Arrhenius-type behavior)
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FIG. 2. Fit to the Néel-Brown law of the NIP sample data. K,=1.8
X107 J/m?, 7=4.1X10"2s.

(Fig. 2). From the fit of the inverse frequency of the ac sus-
ceptibility measurement versus its peak temperature to the
Néel-Brown expression a low magnetocrystalline anisotropy
constant was extracted (K=1.8 X 10* J/m?). The bulk aniso-
tropy constants of y-Fe,03, and magnetite, Fe;O,, are in the
range of (0.5-1.3) X 10* J/m3."® The blocking temperature
(T,) of the isolated particles deduced from ZFC experiments
on nanocrystals at various dilution levels performed with H
=10 Oe was 20 K. The hysteresis curve for the isolated par-
ticles measured at 3 K yielded a coercive field of 100 Oe.
The most straightforward way to estimate the magnitude
of dipole-dipole interaction energy in the various samples is
to compare their blocking temperatures, which are expected
to increase with increasing interaction strength. ZFC mea-
surements of the nanocrystal arrays yielded a set of blocking
temperatures corresponding to the different numbers of lay-
ers (Table I). The blocking temperatures of the MICS76
samples were higher than those of the MICS84 samples due
to the stronger dipolar interactions between the nanoparticles
within the layers. The strength of dipolar interactions be-
tween the nanoparticles falls as the cube of the distance be-
tween the particle centers (1/ ), and is sensitive to the dis-
tribution of interparticle distance. The interlayer separation,
however, was found to be ~1 nm by AFM imaging of
multilayer samples for both MICS84 and MICS76 arrays.
This distance depends on the amount of surfactant dissolved
out of the particles’ surfaces at the contact area of the nano-
particle surfaces and aqueous subphase before deposition on
the substrate and on the thickness of the surfactant layer
attached to the nanoparticles opposite to the subphase.

TABLE I. ZFC blocking temperatures of the NIP, MICS84, MICS76, and
drop cast samples.

Sample T,(H=10 Oe) MICS76 T,(H=10 Oe) MICS84
NIP 20 K

1 ML (2D) 90 K 62 K

3 ML 90 K 80 K

5 ML 100 K 80 K

10 ML 110 K 100 K

3D 110 K (15 ML) 100 K (drop cast)
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TABLE II. T,,, values taken from the x”(T) curves measured on several
samples at H=0, 10, 100 Oe. All measurements were done at 1 Hz, units are
K.

Tmax Tmax Tmax
Sample (H=0 Oe) (H=10 Oe) (H=100 Oe)
NIP 6 6 6
1 ML MICS84 28 30 13
3 ML MICS84 63 55 20
10 ML MICS84 88 78 27
1 ML MICS76 70 64 33
10 ML MICS76 93 81 42

The strength of interaction between two neighboring par-
ticles within each monolayer array is roughly given by the
point dipole-dipole interaction term, u?/r’, where w is the
average magnetic moment of a particle, and the total dipolar
interaction energy (Ey;,) of a particle should be proportional
to this number. A more accurate estimate of E;; in a realistic,
disordered array with nonspherical particles should take into
account higher multipole interaction terms. The
ratio  Egi,(2D MICS84)/E,(2D MICS76) can thus be
estimated as 0.74, not far from the observed ratio:
T,(2D MICS84)/T,(2D MICS76)=0.69. The ratio of
T,(3D MICS84)/T,(3D MICS76) was 0.9, higher than the
Egp ratio for the 2D case. This is probably due to the rela-
tively short interlayer separation, which provides the major
contribution to the dipolar energy in the 3D case and thus
reduces the differences in the local energy barriers between
the two sample types. It is more difficult to evaluate the
strength of interparticle interactions in the various array
samples with respect to the single-particle anisotropy energy,
i.e., the ratio Egp/ (KV), since it is difficult to extract the
value of Eg, experimentally, or even to calculate it using a
point-dipole model. A very rough estimate for this ratio may
be obtained from the blocking temperature ratios:
T,(nML)/T,(NIP) which is of the order of 3-5 for the vari-
ous array samples, with n being the number of layers.

The H=0 column in Table II displays the temperatures
of the peaks (T, in the x¥"(T) curves for several samples,
measured at ac field frequency of 1 Hz. These follow the
general trend observed for the dc ZFC magnetization mea-
surements.

The widths of the x”(T) curves also provide information
about the strength of interactions in the various samples. In
an ensemble of noninteracting magnetic nanoparticles the
width of the susceptibility versus temperature curve is typi-
cally determined by the distribution of magnetic anisotropy
energy barriers of individual particles. Figure 3(a) compares
the x"(T) curves for the NIP sample and the 1 ML MICS84
and 10 ML MICS84 samples where the temperature axis was
scaled by T, and the susceptibility at the peak normalized
to 1. Figure 3(b) compares the scaled curves of the NIP and
the 1 ML MICS84 and 1 ML MICS76 samples, while Fig.
3(c) compares the scaled curves of the NIP, and the 10 ML
MICS84 and 10 ML MICS76 samples. The significant de-
crease in the scaled x”(7) curve widths (except for the 1 ML
MICS84 curve) on going from isolated particles to 1 ML
(2D) and 10 ML (effectively 3D) arrays is an indication that
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FIG. 3. Scaled y" vs scaled T for (a) NIP, 1 ML MICS84, and 10 ML
MICS84 samples. (b) NIP, I ML MICS84, and 1 ML MICS76 samples. (c)
NIP, 10 ML MICS84, and 10 ML MICS76.

in the arrays the individual magnetic particle anisotropies are
no longer significant compared with the dipolar interactions.
In addition, similar to the blocking temperature data, the dif-
ferences between the MICS84 and MICS76 curve widths
were more pronounced in the 1 ML samples. The 1 ML
MICS76 curve width was much smaller than that of the 1
ML MICS84 curve due to the stronger in-plane dipolar inter-
actions in this sample. The 1 ML MICS84 curve had a scaled
width closer to the NIP sample, which, together with the
smaller shift of 7, indicates weaker dipolar interactions
compared to the other samples.

The x” vs T curves were measured for several samples at
frequencies between 0.1 and 100 Hz. Figure 4 is an example
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FIG. 4. X" vs temperature at different frequencies of the 10 ML MICS84
sample.

of a set of x”(7T) curves at various frequencies measured for
the 10 ML MICS84 system. The relaxation time 7=(27f)~!
as a function of the T, extracted from the y'(T) peaks of
each sample was fitted to the scaling law 7=7 [T,/ (T
—T,)J” and to the phenomenological Vogel-Fulcher law 7
=75 explEy/ kg(Tmax—Tp)]. The fit parameters are summa-
rized in Table III. The 7, values for the Vogel-Fulcher fits
were in the range of 107—107!" s and 7" values for the scal-
ing law were 107—107® s for all samples.

The temperature dependence of magnetization dynamics
was extensively used as a tool to probe the strength of inter-
actions in magnetic nanoparticle systems. Such data can be
used to determine the extent of deviation of the relaxation-
time dependence on temperature from the simple Arrhenius
type behavior observed for isolated particle magnetization
dynamics. For moderately interacting magnetic nanoparticles
produced by physical vapor deposition it was found that the
Arrhenius law describes well the experimentally observed
H(To.). As seen in Fig. 5, the experimental data (circles) in
the present work, even that for the 1 ML MICS84, cannot be
fitted by the Arrhenius expression (red curve). This implies
that the individual particle magnetization cannot be de-
scribed as switching in an effective potential barrier, rather,
the dynamics of the whole ensemble of interacting particles
should be considered simultaneously. The empirical Vogel-
Fulcher law was often used to describe the slowing down of
relaxation found in glasses and spin glasses.19 As can be seen
in Fig. 5, this expression fits well the ac susceptibility data
for the 1 ML MICS84 sample (black curve). A fit of compa-
rable quality was also obtained using the scaling law. E,
representative of some effective energy barrier experienced

TABLE III. 7|, values obtained from fits to the Vogel-Fulcher law and T,
and zv values of the same samples obtained from fits to the scaling law.

Sample T, (K) T, (K) 42
1 ML MICS84 16.7+0.1 23.0+0.1 11.5+0.2
3 ML MICS84 27.3+0.1 43.5+0.1 8.9+0.1
10 ML MICS84 42.4+0.4 71.5+0.3 9.0£0.1
1 ML MICS76 34.6+0.1 56.3+1.3 6.6+0.5
10 ML MICS76 46.5+0.3 71.7+0.5 7.0+0.2

Magnetization dynamics in arrays of magnetic nanocrystals
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FIG. 5. Fit to the Néel-Brown law (gray curve) and fit to the Vogel-Fulcher
law (black curve) of the In 7 vs T,,,, data (circles) obtained from imaginary
susceptibility curves of the 1 ML MICS84 sample.

by the magnetization of a characteristic nanoparticle, should
scale roughly as the blocking temperature while T, (or T,) is
an indicator to a characteristic temperature at which the dy-
namics becomes collective (glassy).

In conventional spin-glass systems T, is the temperature
of the onset of glass behavior and is characterized by a cusp
in the x'(7T) curve. These systems undergo a thermodynamic
phase transition at 7, where a critical slowing down of the
relaxation according to the scaling law 7=7[T,/(T-T,) "
appears. In systems of interacting nanoparticles no cusp ap-
pears in the susceptibility and the fitted 7, values merely
indicate the temperature range of the onset of slow, glasslike
dynamics. The nature of magnetization freezing in these sys-
tems is unclear. Memory and aging phenomena were ob-
served in systems of interacting nanoparticles and have been
treated using models such as the droplet model® and hierar-
chical arrangement of the metastable states.”’ The scaling
law was used to explore the nature of the approach to the
glassy state in systems of interacting nanoparticles.lo’ll

Both T, and T, values increased with the strength of
interactions and the number of layers in the sample. For ex-
ample, the T, values in the 10 ML arrays in both types of
samples were the same (7,=71 K), and also the T}, values of
these samples were very close (46 K in the MICS76 sample
and 42 K in the MICS84 sample) due to the strong interlayer
interactions.

The critical exponent zv appearing in the scaling law
consists of the static exponent v, and a dynamic part z. The
static critical exponent is related to the correlation length of
the system: £ 7|~ where t=T/(T,—T) is the reduced tem-
perature. The zv values of the samples provide interesting
information about the differences between the MICS84 and
MICS76 systems (Table III). The zv values in the MICS84
system were ~9—11 whereas the zv values of the MICS76
system were 6.6 and 7. Values of ~9—11 have been reported
for interacting magnetic nanoparticle in frozen ferrofluids"’
and arrays,13 and a value of 7 was obtained for strongly
interacting magnetic nanoparticle powder.7 Spin glasses were
reported to have a variety of zv values: ~7[CdCr,(In)S,],*
10.2 (AuFe),” and 5.5 (CuMn),> and the zv values obtained
for 3D Ising models were ~8 (Ref. 22) and 7.2.3 In the
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FIG. 6. x” vs temperature measured at 1 Hz with superimposed dc fields of
the (a) 10 ML MICS84 sample and (b) NIP sample; inset: scaled x” vs
temperature of the same curves.

present work the value of zv varied between the two types of
monolayers with no significant dependence on the dimen-
sionality of the arrays.24 The difference in the critical expo-
nents should therefore arise from the different interaction
strengths.

Dormann et al. used the ratio (7y—T,)/T as an indicator
to the nature of the transition from a paramagnetic (and su-
perparamagnetic) state to the spin-glass state.! T, (magneti-
zation freezing temperature) was chosen to be Ty, at some
ac frequency and 7, was extracted from the Vogel-Fulcher
law. For systems undergoing a spin-glass phase transition the
value of (Ty-T,)/T; was very low (~0.07 for CuMn),
whereas higher values (~0.4) found in systems such as
ZnCr, ¢Gay 404 (Ref. 1) were characterized by progressive
freezing of superparamagnetic clusters. The (T,~T7,)/T; val-
ues of all the systems studied in the present work (7 chosen
to be T, at 1 Hz) were ~0.4-0.6 which is indicative of a
gradual magnetization freezing transition rather than a true
glass transition. Another alternative to a spin-glass transition
is a paramagnetic-to-ferromagnetic-like ordering transition
that might occur upon cooling of ordered hexagonal arrays of
magnetic dipoles.25 Since the magnetic nanocrystal arrays
are characterized by a large difference between T,,,, and T,
(or T,) the probability of local magnetic ordering upon cool-
ing increases.

Measurements of ac susceptibility versus temperature
with a superimposed in-plane dc field probe the effect of the
external field on the local dipolar interactions. Figures 6(a)
and 6(b) show x”(T) curves measured at 1 Hz for the 10 ML
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MICS84 sample and the NIP sample at different fields. As
seen in Table II, with increasing dc field the peak tempera-
ture decreased in all nanoparticles’ array samples. The curves
at H>0 appeared to follow the low-temperature tail of the
curve at H=0 Oe. A decrease in the temperatures of the
X"(T) peak maxima with increasing field was observed for all
samples. However, only the curves of the array samples were
significantly influenced by a weak field of 10 Oe while the
NIP sample hardly responded to this field and the position of
T ..« for this sample was unaffected by the increase in the dc
field. A similar behavior was observed by Jonsson et al. in an
Fe—C nanoparticles ferrofluid solution”® and in the amor-
phous metallic spin-glass (FeO,15N0'85)75P16B6Al3.27 At
1000 Oe the susceptibility value became practically zero for
all the samples and it was not possible to determine a value
for T, In all the samples the largest drop in the magnitude
of the x'(T) peak occurred between H=10 Oe and H
=100 Oe. This can be simply explained by the behavior of
the magnetization curve where the slope of the magnetiza-
tion, y, decreases with increasing field towards saturation.
This behavior depends weakly on the interactions between
the particles and could therefore be observed both in the
interacting and noninteracting systems.

The strong influence of the external dc field, as low as
10 Oe, on the x”'(T) curves of the nanocrystal arrays is an
indication of the formation of domains of strongly interact-
ing particles in the arrays around the blocking temperature
and provides further support to the notion of collective mag-
netization dynamics. At large H (~1000 Oe in the present
case) all the particle moments became aligned with the dc
field, and being fully saturated, they did not respond to the ac
field at all. In the NIP system no domains existed and there-
fore no change was observed in the maxima values of the
peaks at different fields.

If one assumes a relatively homogenous dipolar interac-
tion distribution between the particles in the samples then the
droplet model could probably describe the effect of the ex-
ternal field. This model has been used to describe the re-
sponse of spin-glass systems to external fields® and was
adopted to describe the response of interacting magnetic par-
ticles to such fields.” According to this model the correlated
spin-glass domain size is reduced with the increase in the dc
field, resulting in a decrease in the values of T,,,,.. Alterna-
tively, in case that some of the particles in the arrays are
weakly interacting with their neighbors, due to their small
size and/or large separation from their nearest neighbors, a
different explanation for the external field effect could be
invoked. Then, the low-temperature peak observed for the
X'(T) curves under a dc field would correspond to the small
fraction of the weakly interacting particles in the array, while
the strongly interacting particles’ imaginary susceptibility
would be attenuated due to the alignment of their domains
close to saturation. In this case, the droplet model might still
be applicable to the nanoparticles arrays but, depending on
the level of order in the close-packed arrays, an opposite
picture could also be possible. In a case of a perfectly uni-
form hexagonal 2D array magnetically ordered domains may
actually increase in size with increasing field, accompanied
by a reduction in their magnetic susceptibility.
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Luis et al. measured the effect of dc fields on sputtered
layers of Co particles28 and observed results similar to the
present work. They used a model suggested by Jonsson et al.
to describe the behavior of their system under an external dc
field.® This model exploits the fact that due to size distribu-
tion some particles switch more slowly close to 7. These
nanoparticles polarize their smaller superparamagnetic
neighbors via an induced local field and as their magnetiza-
tion switches the smaller moments follow. At low tempera-
tures, however, spin-glass dynamics was dominant and phe-
nomena such as aging were observed. The present results
indicate that the stronger interactions existing in the colloidal
particle arrays give rise to collective dynamics. Conse-
quently, one is left with two possible models suitable for
describing the temperature-dependent dynamics of strongly
interacting magnetic nanocrystals—the droplet model de-
scribing the magnetization behavior of a spin glass near the
glass transition versus ferromagnetic-like ordering of do-
mains of nanocrystals below the blocking temperature. It is
difficult to distinguish between the two possibilities with the
current samples and measurement techniques. Better-ordered
arrays of strongly interacting magnetic nanocrystals may
form larger magnetic domains and consequently exhibit dis-
tinctly different magnetization behaviors at low tempera-
tures, corresponding to domain-wall motion rather than mag-
netization switching.

IV. CONCLUSION

The effects of interparticle separation and dimensionality
on the dipolar interactions and magnetization dynamics in
systems of interacting single-domain iron oxide nanopar-
ticles were studied. The strength of dipolar interactions, in-
dicated by the blocking temperature, increased with the de-
crease in interparticle separation and the increase in
dimension. The interactions between the layers, due to
shorter interlayer separation, dominated the magnetization
behavior of the multilayer films. Collective, non-Arrhenius,
magnetization dynamics was observed in all the samples,
even for the 2D MICS84 sample, which exhibited weaker
interactions. The temperature dependence of the magnetiza-
tion relaxation in these arrays indicates gradual freezing of
domains of strongly interacting magnetic particle moments,
probably without displaying a paramagnetic-to-spin-glass
phase transition. The fitted scaling law exponent differed
substantially between the MICS76 and MICS84 samples,
where increasing interaction strength led to a smaller expo-
nent value. Another manifestation of the strong interactions
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in the nanocrystal arrays was the strong shift in the ac imagi-
nary susceptibility peak temperature with application of
small dc fields. Both of these results and the value of the
(T/=Ty)/Ty ratio indicate that the interacting magnetic di-
poles may be ordered into small, ferromagneticlike domains.
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